Two dimensional inorganic-organic hybrid perovskites (2D perovskites) suffer from not only quantum confinement, but also dielectric confinement, hindering their application perspective in devices involving the conversion of an optical input into current. In this report, we theoretically predict that an extremely low exciton binding energy can be achieved in 2D perovskites by using high dielectric-constant organic components. We demonstrate that in (HOCH 2 CH 2 NH 3 ) 2 PbI 4 , whose organic material has a high dielectric constant of 37, the dielectric confinement is largely reduced, and the exciton binding energy is 20-times smaller than that in conventional 2D perovskites. As a result, the photo-induced excitons can be thermally dissociated efficiently at room temperature, as clearly indicated from femtosecond transient absorption measurements. In addition, the mobility is largely improved due to the strong screening effect on charge impurities. Such low dielectric-confined 2D perovskites show excellent carrier extraction efficiency, and outstanding humidity resistance compared to conventional 2D perovskites.
D ue to high absorption coefficient, intense photoluminescence (PL), low electron-hole recombination rate and long carrier diffusion length, organic-inorganic hybrid perovskites (3D perovskites) are regarded as one of the leading candidates of next-generation photovoltaics [1] [2] [3] [4] . Recently, two-dimensional layered organic-inorganic halide perovskites (2D perovskites) have attracted attention as an alternative to 3D perovskites in photovoltaic devices because of their improved stability and moisture resistance [5] [6] [7] [8] [9] [10] . In addition, as a result of weak Van der Waals force between the organic layers, 2D perovskite nanosheets can be produced by solution-based method 8, 9, 11 and mechanical exfoliation 12 , making them a new platform for low-dimensional nano-electronics/optoelectronics.
However, following the general trend of quantum confinement 13 , the exciton-binding energy of 2D perovskites is much larger compared to their 3D counterpart. Moreover, since the conventional organic linkers used in 2D perovskites, such as C 6 H 5 (CH 2 ) 2 NH 3 + and C 4 H 9 NH 3 + , have small dielectric constants, dielectric confinement also emerges and makes the exciton-binding energy even larger [13] [14] [15] [16] . Such large excitonbinding energy makes it difficult for excitons to form free carriers via thermal activation. Accordingly, the strong combined effect of quantum and dielectric confinement makes the carrier mobility in 2D perovskites approximately two orders of magnitude lower than that in 3D perovskites 17 .
In order to fully utilize the optoelectronic properties of 2D perovskites for photoelectric applications, intrinsic methods to lower the confinement in 2D perovskites are urgently required. Quantum confinement can be reduced by increasing the width of the inorganic semiconductor layer in 2D perovskites (see Supplementary Note 1), but even when the width of the inorganic layer is enlarged by five times, the binding energy is still up to 200 meV 18 . Therefore, it is necessary to develop an alternative approach to "weaken" the dielectric confinement in 2D perovskites. However, the current method of reducing dielectric confinement by intercalation can only lower the exciton-binding energy by tens of meV 19 , which is not enough for achieving effective thermal dissociation of excitons at room temperature.
In this report, we hypothesize that dielectric confinement in 2D perovskites can be largely reduced by using a high-dielectric constant organic component. Specifically, we demonstrate that (HOCH 2 CH 2 NH 3 ) 2 PbI 4 (2D_EA perovskites) 20 , in which the dielectric constant of the organic component is as high as 37.7 21 , has a 20-times smaller exciton-binding energy and dozens of times larger carrier mobility compared to high-dielectric confinement 2D perovskites. Our results indicate that by reducing the dielectric confinement by using an organic component with a large dielectric constant, the carrier separation efficiency is largely improved. Finally, we find that low-dielectric-confined 2D perovskites are highly stable under humidity, due to the strong hydrogen bonding between the organic layers.
Result
Crystal preparation and optical characterization. We adopted the image charge model to gain insight into the relationship between the exciton-binding energy and dielectric constant of organic components in 2D perovskites 13 . We focused on two organic groups, ethanolamine (EA, HOCH 2 CH 2 NH 3 + ) (Fig. 1a ) and phenethylamine (PEA, C 6 H 5 (CH 2 ) 2 NH 3 + ) (Fig. 1b) , because their dielectric constants are quite different. According to our simulation (see Supplementary Note 2), when the dielectric constant of the organic component is small, such as PEA whose dielectric constant is~3.3 14 , the Bohr radius describing the mean distance between the electron and hole in the exciton will decrease and accordingly the exciton-binding energy will be largely enhanced (Fig. 1c) , indicating a strong dielectric confinement. Conversely, as the dielectric constant of the organic layers increases, the dielectric screening effect will be enhanced, so that the Coulomb force between electron and hole of the exciton will decrease, leading to an increased Bohr radius and decreased exciton-binding energy. If the dielectric constant of the organic layer is sufficiently large, we can even achieve an excitonbinding energy similar to that of 3D perovskites.
To experimentally achieve low-dielectric-confined 2D perovskites, we used EA to form the organic layers (inset I of Fig. 1c ). EA has a dielectric constant as high as 37.7 21 , because of the charge dipole induced by hydroxy group and short carbon chain (Fig. 1a) . We confirmed the bulk single crystal of the 2D_EA perovskites by single crystal X-ray diffraction (SCXRD) (see Methods). For comparison purposes, we also conducted measurements on (C 6 H 5 (CH 2 ) 2 NH 3 ) 2 PbI 4 (2D_PEA perovskites) single crystal (inset II of Fig. 1c) , a conventional and widely used 2D perovskites 5, 9, 11, 22, 23 . Temperature-dependent PL measurements were performed on both 2D_EA and 2D_PEA perovskite single crystals to determine the exciton-binding energies. The PL intensity of the 2D_EA perovskites dropped rapidly as the temperature increases from 50 to 160 K (Fig. 2a) , indicating that the attractive force between electron and hole in the exciton is extremely weak because of the strong screening effect (inset of Fig. 2a ). Meanwhile the PL intensity of the 2D_PEA perovskites showed a much slower decreasing rate as the temperature increased (Fig. 2b) , indicating a more stable bound state for the excitons (inset of Fig. 2b ). Integrated PL intensity was calculated (Supplementary Figure 1) and Arrhenius equation fitting (see Methods) was used to determine the thermal dissociation ratio of the samples (Fig. 2c) , obtaining a binding energy for 2D_EA perovskites of~13 meV and for 2D_PEA perovskites of~250 meV. We also measured the absorption of the micron-size flakes of these two 2D perovskites (see Methods), and in 2D_PEA sample the exciton peak is prominent, while in 2D_EA the exciton peak is absent (Fig. 2d) , indicating that the exciton-binding energy in the 2D_EA perovskites is much lower than that in 2D_PEA, which agrees with the temperaturedependent PL measurements. The exciton-binding energy of the 2D_EA perovskites is as low as that of 3D perovskites, and one order-of-magnitude smaller than the lowest reported binding energy of conventional 2D perovskites 19 , making thermally activated exciton dissociation to free carriers much more effective than that for conventional 2D perovskites 24 .
To explore the exciton dissociation and free carrier generation processes in photoactive materials, different experimental and theoretical approaches can be employed. Femtosecond transient absorption spectroscopy (fs-TA) is one of the most robust and convenient choices 25, 26 . To directly access the free carrier generation and recombination, we performed fs-TA measurements on the 2D perovskite single crystals following 330 nm optical excitation (details see Methods). Figure 3a , b show the TA spectra of the 2D_EA and 2D_PEA perovskites, respectively, following 330 nm excitation. As can be seen, in addition to the strong ground state bleaching (GSB) at 515 and 500 nm for the 2D_EA and 2D_PEA perovskites, respectively, there was also a broad excited-state absorption extending over the range of 530-750 nm. More specifically, we noted a high intense photoinduced absorption (PA) and low intense broad PA that extended to the NIR region. The high and low PA signals can be attributed to hot and free charge carriers, respectively. Interestingly, we found the broad photo-induced absorption intensity due to free carriers was three-times higher for 2D_EA (inset Fig. 3a ) compared with 2D_PEA (inset Fig. 3b ), demonstrating the more efficient exciton dissociation in 2D_EA perovskites due to their lower exciton-binding energy. The kinetic traces of GSB recovery and photo-induced absorption of both materials are shown in Fig. 3c, d . The dynamics of GSB recovery in the 2D_EA perovskites ( Fig. 3c) shows two components, a fast 65.3 ± 4 ps and long 454.3 ± 26 ps. Similarly, the photo-induced absorption of the 2D_EA perovskites shows two components of 66.8 ± 4.5 and 501.0 ± 28 ps. On the other hand, the GSB recovery and photoinduced absorption of the 2D_PEA perovskites (Fig. 3d) show also two components of 7.4 ± 0.5, 92 ± 6 and 8.1 ± 0.6, 96 ± 6 ps, respectively. Being in this regime, it is well known that the carrier lifetime decreases (fast electron/hole recombination) as the exciton-binding energy increases. In addition, the exciton dissociation and separation increase, which leads to free carriers, as the exciton-binding energy decreases. To show the clear change in the TA results of 2D_EA and 2D_PEA, we plotted the normalized bleach recovery kinetics and the excited state decay (Supplementary Figure 2) following 330 nm optical excitation. As can be seen from the kinetic traces, GSB recovery and the excited state decay of EA is much slower than PEA, providing clear experimental evidence for the lower exciton-binding energy in the 2D_EA perovskites. The slow GSB recovery and excited state decay results are consistent with our exciton-binding energy findings, and strongly prove that the 2D_EA perovskites have a longer carrier lifetime and more efficient exciton dissociation than the 2D_PEA perovskites.
Electronic/opto-electronic transport properties. Carrier mobility is another important factor that affects the device performance of perovskites. In conventional 2D perovskites, the strong quantum confinement is known to be associated with carrier mobility that is two orders-of-magnitude lower than that of 3D perovskites 17 . But the fact that dielectric confinement is another important origin of such low carrier mobility is rarely discussed. A low dielectric constant of the organic layer will reduce the screening effect of charge impurities, leading to a large scattering cross-section and thus short relaxation time for charge carriers 27 . According to the Drude model, mobility μ = eτ/m (τ is the relaxation time of scattering, e is the charge of one electron, and m is the effective mass of carriers), shorter scattering relaxation time results in smaller mobility. Meanwhile, in 2D_EA perovskites, Time-of-Flight (TOF) measurements showed that the carrier mobilities are ∼11.1 and 9.5 cm 2 V −1 s −1 for electron and hole, respectively (Fig. 4a) , and the average Hall mobility was determined to be~30 cm 2 V −1 s −1 (hole mobility). The carrier mobility in the 2D_EA perovskites demonstrated here is much larger than that reported in conventional 2D perovskites 17, 22 . According to the density functional theory (DFT)-based band structure calculations (see Supplementary Note 3 and Supplementary Figure 3 ), the effective mass of carriers in the 2D_EA perovskites is similar to that in conventional 2D perovskites (Supplementary Table 1) , therefore, we attribute the largely improved mobility of the 2D_EA perovskites to the increased relaxation time caused by the enhanced screening effect that results from the high dielectric constant of the organic layers 27 . Due to the low-binding energy and high carrier mobility, the 2D_EA perovskites are expected to present much better photoexcited carrier extraction efficiency compared to conventional 2D perovskites in terms of photoresponsivity, photo gain, and response time. As shown in Fig. 4b , using a metal-semiconductor-metal (MSM) structure based on 2D_EA perovskite single crystals, we were able to achieve~10-times higher photoresponsivity than that based on 2D_PEA over a wide range of incident wavelengths from 360 to 600 nm. As shown in Fig. 4c , the photo gain of the 2D_EA perovskites is also one order-of-magnitude higher than that of the 2D_PEA perovskites (we chose incident wavelengths of 550 nm for the 2D_EA perovskites, and 530 nm for the 2D_PEA perovskites to achieve their best photo gains, respectively). The photo gain is proportional to / , where and are carrier lifetime and carrier transit time, respectively 28 .
in 2D_EA perovskites is large because excitons are easily dissociated to free carriers, which reduces the probability of recombination.
is defined by d 2 /Vµ, in which d is channel length (the distance between two electrodes in the perovskite MSM structures), V is the applied bias voltage, and µ is the carrier mobility. We found that the longer carrier lifetime and larger carrier mobility of the 2D_EA perovskites resulted in a much larger photo gain than that in the 2D_PEA perovskites. The photoelectric response time is another critical parameter for evaluating the photo-excited carrier extraction efficiency. We selected a bias voltage of 3 V as it exceeds the saturation voltage (Fig. 4c) , and achieved rise and decay times of 53.4 and 57.2 μs, respectively, in 2D_EA (Fig. 4d) , which is~2 order-of-magnitude lower than that of 2D_PEA (3.78 and 4.30 ms for rise and decay time as shown in the inset of Fig. 4d) . Generally, the response time is proportional to the carrier transit time in semiconductors, and photo-excited carrier transfer time at the semiconductor/metal interface. Because the carrier transit time is inversely proportional to the carrier mobility 29 , the carrier transit time in the device of the 2D_EA perovskites is~1 order-of-magnitude smaller than that in 2D_PEA perovskites. As a result, the photo-excited carrier extraction time in the 2D_EA perovskite/metal interface is much faster than that in 2D_PEA perovskite/metal interface. To sum up, based on the results of photoresponsivity, photo gain, and response time we conclude that due to the low binding energy and high carrier mobility, the 2D_EA perovskite show signficantly improved carrier extraction efficiency, which could have a huge impact on the optoelectronic device performance, particularly for solar cells and photodetectors. Further optimization of device fabrication implementing the 2D_EA perovskite in the devices is needed and currently under investigation. Our method of reducing the dielectric constant in 2D perovskites can be generalized in several aspects. For example, if the halogen I atom is replaced by Br to synthesize EA 2 PbBr 4 , a similarly low exciton-binding energy can be achieved (Supplementary Figure 4 ). As shown in Supplementary Figure 5 , the ratio of I and Br can even be tuned to achieve color-tuning PL. Furthermore, as discussed earlier, reducing the dielectric confinement by inserting high dielectric-constant organic layers can be combined with reducing quantum confinement by increasing the thickness of the inorganic PbI layer to achieve further decrease of the exciton-binding energy and increase of mobility 17, 27 .
Stability in moisture. In addition to optoelectronic properties, stability under humidity is a crucial metric for photovoltaics and one of the major obstacles for the commercial adoption of perovskite-based photovoltaic technologies 5, 6 . A variety of technological methods have been proposed to address the instability problem, including an "intrinsic" method of utilizing the hydrophobic properties of the organic components to prevent the perovskite framework from the direct exposure to moisture, and an "extrinsic" method performed by an encapsulation technique in which the polycrystalline thin film can be protected by the transportation layers 6 . In this report, we focus on 2D perovskite single crystals without any transportation layer so that we can get insight into the "intrinsic" humidity stability related to the organic layers only. We measured the time-dependent photoresponsivity of MSM device fabricated in the 2D_EA and 2D_PEA perovskite single crystals after they were exposed to an environment of 60% relative humidity (RH) and 20°C temperature. As shown in Fig. 5a , the photoresponsivity of the 2D_PEA MSM device started to decrease in a few hours (e.g. a 30% decrease after 48 h). The 2D_EA MSM device showed much better stability and remained at~90% photoresponsivity after 5 days relative to its starting value. Our results indicate that the 2D_EA perovskites can lead to a much better humidity resistance than conventional 2D perovskites. To prove the enhanced humidity stability of the 2D_EA single crystal, time-dependent XRD (TDXRD) was measured. The TDXRD of the 2D_EA single crystal does not show any indication of degradation after 20 days exposed in 60% RH at 20°C. On the other hand, the TDXRD of the 2D_PEA perovskites shows a new peak attributed to PbI 2 after only one day exposed to 60% RH at 20°C (Supplementary Figure 6) . To gain further insight into the excellent stability of the 2D_EA perovskites, timedependent X-ray photoelectron spectroscopy (XPS) of the Pb 4f region was measured on 2D_EA single crystals to test the degradation as a function of exposure time in a 60% RH, 20°C environment. In Supplementary Figure 7 , the peaks at 137.9 and 142.5 eV, corresponding to the binding energy of Pb 4f 7/2 and Pb 4f 5/2 of Pb-I in the 2D_EA single crystal, do not show any indication of degradation after 6 days exposure. To evaluate the chemical composition of the surface, we recorded XPS at 360 eV incidence photon energy, corresponding to a mean-free path (for the outgoing~220 eV photoelectrons) of <1 nm 30 . The 2D_EA perovskites (Supplementary Figure 8) was unchanged over 6 days without any indication of a PbI 2 or Pb 0 peak. These XRD and XPS results confirmed the outstanding humidity stability of 2D_EA perovskites as shown in time-dependent photoresponsivity results. We attribute the remarkable enhancement of this stability to the strong hydrogen bonding between the organic layers (Fig. 5b) compared to that in the 2D_PEA crystal (where London dispersion forces primarily dominate), enabling the hydrophilic organic groups to restrict the penetration of water and oxygen more effectively.
Discussion
In summary, we have investigated the effect of the organic layer with different dielectric constants on the exciton-binding energy and carrier mobility in 2D perovskites. We found that the dielectric confinement effect can be significantly tuned by inserting different dielectric-constant organic layers between the inorganic Pb-I units. To investigate this concept, we compared two different kinds of 2D perovskites, one that is highly dielectricconfined and the other that has extremely low dielectric confinement. We have shown that in the low dielectric-confined 2D perovskites the exciton-binding energy is~13 meV, which is 20 times smaller than that in the high dielectric-confined 2D perovskites. Moreover, in the low dielectric-confined 2D perovskite single crystal we demonstrated excellent photo-excited carrier extraction efficiency due to the largely improved carrier mobility and reduced exciton-binding energy, and outstanding moisture resistance due to the strong hydrogen bonding between the organic layers. Based on these findings, we believe the lowdielectric-confined 2D perovskites might provide an alternative way to improve the performance of hybrid perovskite-based optoelectronics.
Method
Synthesis of perovskite single crystals. 2D_EA and 2D_PEA single crystals were grown using a cooling method. To synthesize the 2D_EA single crystal, 0.160 g PbI 2 was dissolved in 2 ml of 57% HI in a sample vial. Thereafter, 0.080 g HOC 2 H 4 NH 2 was added and the precipitate dissolved by sonication at room temperature. The solution was then cooled down to 4°C.
X-Ray structure analysis. Single-crystal intensity data were collected using a Bruker APEX DUO with MoK α radiation (wavelength 0.71073 Å) at 100 K. The cif files of 2D_EA perovskites are upload to CCDC database, as shown in Data availability.
The crystallographic plane of the large single crystal was probed using a Bruker D8 Venture SCXRD Cu target. After the small piece was checked, the crystallographic plane of the centimeter-sized single crystal could be deduced.
Powder X-ray diffraction was carried out using a Bruker D8 Advance powder XRD with Cu Ka radiation and a low-angle kit.
Temperature-dependent PL. The temperature-dependent PL measurements were performed at the Semiconductor and Material Spectroscopy lab at KAUST. The samples were initially cooled to cryogenic temperatures using a closed-cycle He cryostat supplied by the ARS Laboratory. Prior to cooling, the samples were placed under high vacuum (10 −6 mTorr). A HeCd laser emitting at a wavelength of 325 nm was used as the PL excitation source. The PL emissions of the samples were collected using an Andor Shamrock 303i spectrograph with a UV-VIS grating of 299 mm −1 and a blaze wavelength of 300 nm. The spectra were subsequently recorded digitally, using a thermoelectrically cooled electron multiplying CCD sensor by Andor.
Arrhenium formula simulation of the binding energy. We assume that photo generated excitons are only depopulated by thermal dissociation and radiative recombination 31 . In the steady-state PL measurement, we have n pg ¼ n PL þ n td in which n pg refers to the number of photo-generated excitons, n PL is the number of the radiative emissions induced by the exciton recombination (which can be determined from the integrated PL intensity), and n td is the number of thermally dissociated excitons. When T is not too high for n td to saturate, according to the Arrhenium formula, we have n td / Ae ÀE b =kT , in which E b is the binding energy and k is the Boltzmann constant. Assuming that when T = ∞ it has n PL = 0, then we have
After fitting n PL ðTÞ, we can determine A and E b . Finally the thermal dissociation ratio (T.D.R.) is
We also did TDXRD of 2D_EA and 2D_PEA perovskites (Supplementary Figure 9) to exclude the phase transition within the range of the temperature we selected for integrated PL fitting.
Absorption measurement. Two measurements were performed to collect the absorption spectra for the 2D perovskite nanosheets. In the first measurement, the absolute values of reflection and transmission at a wavelength of 514.5 nm (Ar ion laser) were measured for the extraction of the absorption value using a lock-in amplifier coupled with a silicon photodiode. Absorption spectra of arbitrary intensity were obtained using a supercontinuum laser (Fianium WhiteLase SC-400). The reflection/transmission light was analyzed by a spectrometer to produce the spectra. In those measurements, the laser was focused by a ×50 objective. For reflection measurement, the reflected light was collected through the same objective. For transmission measurement, the transmitted light was collected using a ×20 objective. The system was calibrated using quartz substrate and a silver mirror as the reference for transmission and reflection, respectively.
Femtosecond transient absorption measurement. Transient absorption (TA) spectroscopy was performed at timescales of 0.1 ps to 6 ns using a regeneratively amplified Ti:sapphire laser (800 nm laser pulses of 35 fs pulse width having a 1 kHz repetition rate), and in conjunction with EOS spectrometers. The excitation pump pulses at 330 nm were generated after passing through a fraction of the 800 nm beam into the spectrally tunable (240−2600 nm) optical parametric amplifier (Newport Spectra-Physics). The pump fluence of the excitation laser source was adjusted by using a neutral density filter to avoid multiple charge carrier generation. The probe pulses (UV-visible and NIR wavelength continuum, white light) were generated by passing another fraction of the 800 nm pulses through a 2-mmthick calcium fluoride (CaF 2 ) crystal. Before white light generation the 800 nm amplified pulses were passed through a motorized delay stage. Depending on the movement of the delay stage, the transient species were detected following excitation at different time scales. The white light was split into two beams (named as signal and reference) and focused on two fiber optics for an improved signal-tonoise ratio. The excitation pump pulses were spatially overlapped with the probe pulses on the samples after passing through a synchronized mechanical chopper (500 Hz) which blocked alternative pump pulses. The absorption changed (ΔA) was measured with respect to the time delay and wavelength. All spectra were averaged over a time period of 2 s for each time delay. Our experimental fs-TA setup is detailed elsewhere 32 .
Fabrication of 2D perovskite MSM junctions. We chose gold to fabricate the metal electrodes in order to measure the 2D_EA and 2D_PEA MSM junctions after we considered the work functions (Supplementary Figure 10) of the 2D perovskites obtained from photo-electron spectroscopy in air. Moreover, to measure the samples and investigate the electron transport in the in-plane direction (Supplementary Figure 11b ), powder X-ray diffraction was performed to check the crystallographic plane. After checking the crystallographic plane, we cleaved the surface of the sample to exclude interference from any surface defects or trap (Supplementary Figure 11a) . A shadow mask for depositing 500-μm-wide electrodes with 20-μm channel length was taped to the cleaved crystallographic plane and 60-nmthick gold was deposited with an electron gun evaporator (0.6 Å s −1 , 10 −6 Torr). Finally, the MSM structures were fabricated within one hour in vacuum after the perovskite crystal was prepared, and we finished the measurements in two hours.
Electrical characterization/optical testing.
1. Electrical properties were measured using a Keithley 4200-SCS parameter analyzer with a Keithley 4210-PA and a Cascade CM300 probe station. A Newport 1000 W Xenon Lamp 66921 light source with a Newport monochromator was used for the responsivity measurements. To confirm the size and uniform intensity distribution of the incident light spot, the optical profile was measured by a beam profiling camera (Ophir Spiricon silicon CCD camera SP620U) and the power at each wavelength was measured using a calibrated photodiode (Newport 818-UV). MSM junctions were excited by a uniformly distributed intensity spot (3080 μm × 1167 μm) and the responsivity R was calculated using the following formula:
R ¼ I photo À I dark Power illumination in active area ;
in which I photo and I dark are the currents under photoexcitation and in the dark, respectively. The active area of the sample was 20 μm (distance between two electrodes) × 500 μm (width of electrodes). 2. Hall mobility was measured with an HMS-3000 Hall measurement system. 3. The time-of-fight (TOF) setup is shown in Supplementary Figure 12a . The TOF result of the 2D_EA perovskites is shown in Supplementary Figure 12b . However, in the 2D_PEA perovskites the diffusion length is too short due to the strong dielectric confinement, so we were unable to obtain the carrier mobility in 2D_PEA perovskites by the TOF measurement.
Synchrotron XPS. The energy-dependent synchrotron XPS measurements were performed at the Stanford Synchrotron Radiation Lightsource (Stanford, CA, US) at beamline 8-2. The beamline was equipped with a SGM monochromator, operated using a 500 mm −1 rating at an energy resolution of~0.5 eV The samples were loaded onto an aluminum stick, attached with double-sided carbon tape, and all the measurements were done in one single load below 10 −8 Torr. The photoelectrons were analyzed with a cylindrical mirror analyzer, operated at 50 eV pass energy. All measurements presented here were performed at the magic angle (54.7°incidence). The spectrometer was calibrated to Au 4f = 84 eV and the spectra were internally calibrated using the carbon peak to take into account some charging that was observed.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request. The X-ray crystallographic coordinates for the structure reported in this study have been deposited at the 
